For the purpose of developing new engineering materials with sufficient balance among mechanical, electrical, processability, triboloical properties, etc., in this study, we investigated the dynamic viscoelastic properties of carbon nanofiber (CNF) filled polyamide (PA) composites and the blend of these composites and thermoplastic elastomer (TPE) in the molten state, which were mainly obtained in our previous studies. It was found that vapor grown carbon fiber (vapor grown carbon fiber) has a stronger influence on the dynamic viscoelastic properties of the composites in the molten state. Rheological percolation thresholds seem to exist between 1vol.% and 5vol. % of VGCF contents. On the other hand, the effect of the addition of TPE (styreneethylene/butylene-styrene copolymer (SEBS) and maleic anhydride grafted SEBS (SEBSg-MA)) on the dynamic viscoelastic properties of VGCF/PA6 composites in the molten state differed at each viscoelastic value. It was clarified that the dynamic viscoelastic properties of VGCF/PA6/SEBS-g-MA ternary composites are higher than those of VGCF/PA6/SEBS ones. Furthermore, the influence of processing sequences on the dynamic viscoelastic properties of VGCF/PA6/SEBS-g-MA composites in the molten state differed according to the mixing steps of materials. These may be attributed to the change in the internal structure caused by addition of TPE, type of SEBS and processing sequences.
Introduction
Recently, nanofiller-filled thermoplastic composites are attracting considerable interest [1] [2] [3] [4] [5] . One of the advantages of these nanocomposites is that the volume ratio of the fillers in the systems is much lower than that of conventional thermoplastic composites, offering a distinct advantage in that less energy is required when these nanocomposites are processed for industrial applications. Graphitic carbon nanofilaments such as single-wall carbon nanotube (SWCNT) and carbon nanofiber (CNF) have been of great research interest [6, 7] . Especially, CNF-filled thermoplastic composites have been proven to be very beneficial in terms of the improved mechanical, thermal, and electrical properties [8] [9] [10] [11] [12] [13] [14] . CNF disperses well in the polymer matrix and has a diameter of about 100-150 nm, which is relatively larger than other nanofilaments. It can therefore serve as a low-cost alternative to SWCNT. In our previous works, we investigated the rheological, mechanical, and tribological properties of various carbon fibers (CFs) such as polyacrylonitrile-based carbon fiber (PAN-CF) and pitch-based carbon fiber (Pitch-CF) and two kinds of vapor grown carbon fiber (VGCF and VGCF-S) and filled thermoplastic (polyamide (PA), polybutylene terephthalate (PBT), etc.) [15] [16] [17] [18] [19] [20] [21] [22] composites in order to obtain new polymer nanocomposite-based engineering materials for use as the structural materials and tribomaterials of mechanical sliding parts such as gears, bearings, cams, seals, etc. The mechanical and tribological properties improved when filled with various CFs. Fiber properties such as aspect ratio (length/diameter) and fiber diameter have a stronger influence on the viscoelastic properties than fiber content. We also demonstrated the optimum mechanical and tribological properties of various CF-filled polymer composites. However, to further enhance the mechanical, electrical, processability, tribological properties, etc. in these CNF-filled thermoplastic composites, it is very critical to understand the rheological behavior of these thermoplastic composites in the molten state such as processability, internal microstructure, changes, and structure-property relationships [23] [24] [25] .
Moreover, to date, little interest has been paid to multicomponent polymer composites such as polymer blends based on CNF-filled thermoplastic composites for engineering materials [18, 22, 26, 27] . To develop new engineering materials with sufficient balance among mechanical, electrical, processability, tribological properties, etc., various properties need to be well balanced. Several investigations have proved that multicomponent polymer composites, which are ternary blends based on nanofiller-filled composites such as nanofiller/polymer/ polymer or nanofiller/polymer/rubber, etc., are effective for realizing good balances among various properties [18, 22, [26] [27] [28] [29] [30] [31] [32] . Above all, their remarkable performance stems from their morphologies in immiscible blends. It is well known that the morphologies of immiscible polymer blends are controlled by the chemical reaction between components during melt blending [32] . In addition, the morphologies of multicomponent polymer composites such as phase structure, fiber dispersion, fiber localization, etc. are strongly influenced by the design of material composition and by the processing sequence of melt mixing using a twin extruder. The former is the material design of multicomponent materials: specifically, the type of materials, composition ratio, whether compatibilizer is used or not, functional groups, surface treatment of filler, etc. [32, 33] . On the other hand, the latter is the mixing technique of multicomponent composites [22, 34, 35] . The processing sequences during melt mixing using a twin screw extruder affect the morphologies of multicomponent composites. As a result, the physical properties are also strongly influenced by the processing sequence. However, there are only a few published studies on the effects of the addition of thermoplastic elastomer (TPE) and the processing sequence on dynamic viscoelastic properties of these CNF-filled multicomponent composites [18] . For the purpose of developing new engineering materials with sufficient balance among mechanical, electrical, processability, tribological properties, etc., we investigated the dynamic viscoelastic properties of CNF-filled polyamide composites and the blend of these composites and TPE in the molten state, which were obtained mainly in our previous studies. In particular, this study discusses the effects of the filling of CNF, addition of TPE, and processing sequence on dynamic viscoelastic properties in the molten state.
Dynamic viscoelastic properties of carbon nanofiber-filled polyamide 66 composites in the molten state

Introduction
CNF is nanosized diameter CF and is used as fillers for polymer composites. One of the advantages of CNF-filled composites is that the volume ratio of fillers in the systems is much lower than that of conventional polymer composites. These CNF-filled polymer composites have been proven to be very beneficial in terms of improved mechanical, electrical, tribological properties, etc. [5, [8] [9] [10] [11] [12] [13] [14] . In our previous studies, we investigated the mechanical and tribological properties of various vapor grown carbon fibers (VGCF), which are a type of CNF-filled polymer composites: polyamide (PA) [20] [21] [22] , polybutylene terephthalate (PBT) [15, [17] [18] [19] , polyimide (PI) [16] , etc. were used as matrix polymer. We found that the mechanical and tribological properties improved when filled with VGCF, and demonstrated the optimum mechanical and tribological properties for various VGCF-filled polymer composites. However, to further enhance the mechanical, electrical, processability, tribological properties, etc. in these CNF-filled thermoplastic composites, it is critical to understand the rheological behavior of these composites in the molten state such as processability, internal microstructure, changes, and structure-property relationships [23] [24] [25] . Several studies have proven that VGCF-filled polymer composites such as VGCF/polycarbonate (PC) [8, 10] , VGCF/polypropylene (PP) [10, 11, 36] , VGCF/polystyrene (PS) [37] , VGCF/PBT [15, 19] , etc. demonstrate distinctive rheological behaviors. However, there is still a lack of comprehensive understanding of the rheological properties of these VGCF-filled composites, in particular, when VGCF content is low. The purpose of this study is to experimentally investigate the rheological properties, which is the dynamic viscoelastic properties in the molten state, of VGCF/PA66 composites. Particularly, this study discusses the effect of the filling of VGCF, volume fraction, strain, angular frequency, and temperature on the dynamic viscoelastic properties in the molten state.
Materials and methods
The materials used in this study were carbon nanofiber (CNF)-filled polyamide 66 (PA66) composites in the molten state, which are used in the first step of the fabrication of these composites. PA66 (UBE Nylon 2020P, Ube Industries, Ltd., Japan) was used as the matrix polymer. Vapor grown carbon fiber (Showa Denko K. K., Japan) which is a type of CNF was used as the filler. Its fiber diameter and initial length are 150 nm and 10 μm, respectively. VGCF-filled PA66 composites (VGCF/PA66) with the VGCF content of 1, 5, and 10 vol% were prepared in this study. All the components were dried for 5 h at 100°C in a vacuum oven beforehand until the moisture level was 0.2%, then dry blended in a small bottle, and subsequently the melt was mixed at 110 rpm and 295°C in a twin screw extruder (TEX-30, Japan Steel Works, Ltd., Japan). After mixing, the extruded strands of VGCF/PA66 composites were cut into 5 mm long pieces by the pelletizer, and dried again for 5 h at 100°C in a vacuum oven. In addition, 1 mm thick sheets were compression molded at the conditions of 270°C, 5 MPa, and 3 min, and cut into ϕ25 mm disk shapes for measuring the rheological properties. The rheological properties in the molten state were evaluated by oscillatory flow testing using a parallel plate-type rotational rheometer (ARES, Rheometric Scientific Co., USA and ARES-G2, TA Instruments Japan Inc., Japan). The diameter of the parallel plate was ϕ25 mm, and the gap between the two plates was fixed at 1 mm. Under such gap conditions, the test specimens were slightly compressed in the molten state. First, the strain sweep test was performed from initial strain value 10 -1 to a final strain value of 10 2 in percent at the angular frequency of 3.5 rad/s. Second, in frequency sweep testing, a small strain amplitude oscillatory shear was applied to the sample. The angular frequency was varied from 10 -1 to 10 2 rad/s, and the strain amplitude was set as 1%. These measurements were carried out for all samples at 270, 280, and 290°C. The dynamic viscoelastic properties in the molten state were evaluated by storage modulus G', loss modulus G″, loss tangent tan δ, phase angle δ (= arctan G″/G'), complex modulus |G*|, and complex viscosity |η*|.
Strain dependences
Viscoelastic properties of VGCF/PA66 composites are discussed in this section. First, strain sweep testing was carried out to characterize the strain dependence of viscoelastic properties and also transition from linear to nonlinear viscoelastic ones of VGCF/PA66 composites and then to estimate the change in the internal microstructure of these composites. Since the storage modulus G' is a more sensitive rheological function to the structural changes of the nanocomposites than the loss modulus G″, only the storage modulus curves are presented in this study [38] . The strain dependence of the storage modulus G' of VGCF/PA66 composites is shown in Figure 1 . This measurement was carried out for all samples at 280°C and the angular frequency of ω at 3.5 rad/s. The strain dependences of G' show remarkably different behavior according to the volume fraction of VGCF V f . The G' of neat PA66 (100%) and VGCF/PA66 with V f = 1 vol % (VGCF1) exhibits a linear behavior, in which the modulus is a constant over a wide range of strain amplitude. On the other hand, the G' of VGCF/PA66 with V f = 5 vol% (VGCF5) and V f = 10 vol% (VGCF10) show linear plateau only in low strain regions and rapidly decrease with increasing strain, which is an independent transition from linear to nonlinear behavior. It was observed that the value of the plateau modulus G' p changes with increasing V f . These results may be due to the increase in the fiber-matrix interactions, and to the increase in the surface area of fiber with increasing V f . To clarify the transition point from linear to nonlinear behavior, the strain dependences of relative storage modulus G' r (= G'/G' p ) of VGCF/PA66 composites are shown in Figure 2 . Here, the relative storage modulus G' r is given by the values of VGCF/PA66 composites divided by that of the G' p of VGCF/PA66 composites. The regions of linear viscoelastic behavior for neat PA66 and VGCF1 are clearly observed over a whole range of strain. However, those of VGCF5 and VGCF10 decrease abruptly in the G' r , which shows nonlinear behavior. The transition point which appeared in the deviation region from linear to nonlinear viscoelastic behavior is defined as critical strain γ c . γ c was generally taken as the strain value at the G' equal to 90% of the plateau modulus (0.9 G' p ) [19, 38] , which is shown in the broken line in Figure 2 . The relationship between critical strain value γ c and volume fraction of fiber V f of VGCF/PA66 composites at 3.5 rad/s and 280°C is shown in Figure 3 . γ c of VGCF/PA66 composites varies sharply from V f , and exhibits a straight relation between γ c and V f on this log-log plot. That is power law of γ c and V f (γ c ∝ V f n ). Here, n is the slope of power law and is found to be -2.55 from the relation in Figure 3 . This may be attributed to the change in the internal structure of the composites such as fiber dispersion, fiber-matrix, and fiber-fiber interactions caused by increasing V f [19, 39] . In general, it is well known that the dependence of critical strain value on the volume fraction of fiber of polymer composites and nanocomposites can be explained in terms of the change of internal microstructure formation, the alignment of the anisotropic nanofiller to the strain direction, and the breakdown of fiber-fiber interaction of the physical networks [19, 32, 38] . These behaviors have been reported for other nanofillers such as clay, silica, etc. filled polymer nanocomposites [39, 40] . In this study, it was found that the volume fraction of fiber has a strong influence on the strain dependence of viscoelastic properties. 
Angular frequency dependences
The rheological properties of VGCF/PA66 composites were evaluated by oscillatory flow behavior, which are considered to be strongly dependent on the internal microstructure of these composites. The dynamic viscoelastic properties of these composites are plotted as a function of angular frequency ω at 280°C and strain of 1% in Figure 4 Table 1 . The G' of neat PA66 increases with increasing ω; however, the slope of G'-ω in high ω region is as small as 0.95. The G' of neat PA66 is generally proportional to ω 2 (log G' ∝ log ω 2 ) in the linear dynamic viscoelastic models [41, 42] . Thus, the slope of G' against ω is 2, which is log G' ∝ 2log ω, although that of neat PA66 used in this study has a different tendency. This may be attributed to the material properties of PA66 used such as molecular structure, molecular weight distribution, orientation, etc., although the reason is not clear because the G' of neat PA66 in low ω region is not measured because it is below the detection limit of the G' measured using this apparatus. On the other hand, the G' of VGCF/PA66 composites has a different behavior according to the volume fraction of VGCF V f . That of VGCF1 has the same tendency as that of neat PA66; however, that of VGCF is slightly small than that of neat PA66 in the whole range of ω. The slope of G' against ω of VGCF1 in low and high ω region becomes higher than that of VGCF1 in the middle ω region. Moreover, G' of VGCF5 and VGCF10 is remarkably higher than that of PA66, and VGCF 5 and VGCF10 show the typical G' of highly filled systems [42, 43] , although V f in the composites is only 5 vol%. The slopes of G' against ω become small, indicating the "second rubbery plateau," i.e., the long-scale relaxation time [25, 41, 42] . Hence, the viscoelastic properties of VGCF/PA66 composites change from liquid-like (viscous behavior) to solid-like (elastic behavior) according to V f . This second rubbery plateau behavior suggests the presence of an apparent yield stress, which can be attributed to the strong fiber network formed due to the size of VGCF. This is in accordance with theoretical expectations and experimental observations for highly filled systems [43] [44] [45] [46] [47] . Similar phenomena have been reported by other systems [25, [31] [32] [33] . On the contrary, the loss modulus G″ in Figure 4 (b) has the same tendency as G'. The G″ of VGCF1 is slightly smaller than that of neat PA66. The slope of G″ against ω of VGCF1 is also about 1, which agrees with the linear viscoelastic model that the slope of G″ is proportional to ω (log G″ ∝ log ω). On the other hand, the G″ of VGCF5 and VGCF10 is higher than the G″ of neat PA66 in the whole ω region, and the slope of G″ against ω becomes small in low ω regions. However, there is a tendency of G″ being smaller than that of G' since the G' is a more sensitive viscoelastic function to the structural changes of the composites than G″ [20] . From the results of loss tangent tan δ against ω in Figure 4 (c), tan δ of VGCF1 is similar to that of neat PA66 (100%), and have a maximum peak in high ω region. The values of tan δ for neat PA66 and VGCF1 are higher than 1 in the whole ω region (tan δ > 1). This indicates that PA66 and VGCF1 behave like liquid, which is a viscosity-dominant property. In contrast, VGCF5 and VGCF10 have different tendencies, and the values of tan δ for VGCF5 and VGCF10 are smaller than 1 (tan δ < 1) except that of VGCF5 in high ω regions. Thus, VGCF5 and VGCF10 behave like solid materials, which is an elastic-dominant property. Complex viscosity |η*| in Figure 4(d) shows the different tendencies according to the V f . |η*| of neat PA66 and VGCF1 slightly decreases with increasing V f . In addition, their smaller value than neat PA66 in the whole ω region is a very interesting behavior. On the other hand, the |η*| of VGCF5 and VGCF10 abruptly decreases with increasing ω, which exhibits a very strong shear thinning effect. The curves of |η*| versus ω have a slope of -45 o . This behavior indicates the presence of an apparent yield stress in low ω regions. Furthermore, the curve of |η*| versus ω of VGCF1 is remarkably different from that of VGCF5 in low ω regions. This may be attributed to the changes in the fiber network formation. This tendency thus indicates the presence of the transition point of the internal structure, that is, the rheological percolation threshold, which is almost equal to the gel transition point from liquid-like to solid-like behavior.
Influence of volume fraction
The influence of volume fraction of VGCF V f on the rheological properties of VGCF/PA66 composites is discussed here. The relative complex viscosity |η*| r is plotted against volume fraction of VGCF V f in Figure 5 . Here, the relative value is given by the values of VGCF/PA66 composites with various V f divided by that of neat PA66. Three types of angular frequencies: ω = 0.25, 2.5, and 25 rad/s were used as a parameter. The |η*| r of VGCF/PA66 composites at various ω has a minimum peak at 1 vol%. It then rapidly increases with increasing V f , and it seems to be remarkably influenced by ω. These results may be attributed to the internal microstructure due to the interaction between fiber and polymer matrix. Especially, the particular phenomena of the complex viscosity of the composites with low fiber content (V f = 1 vol%), which are smaller than those of neat PA66, are observed in this study. Similar phenomena have been reported by other systems [15, 19, 20, 36] . These phenomena may be due to the self-lubrication of VGCF and also due to the two dimensionally oriented fiber structure formation, which has the possibility to reduce the viscoelastic properties of the composites less than that of matrix polymer. However, it is difficult to confirm these reasons in the present situation. Furthermore, VGCF/PA66 composites sharply increase with V f between 1 and 5 vol%. This critical composition is regarded as a rheological percolation. At high fiber content, the fiber-fiber interaction is more pronounced. Thus, these results demonstrate that fiber size parameters such as diameter, length, and aspect ratio have strong influence on the viscoelastic properties of VGCF/PA66 composites. 
Relationship between storage modulus and loss modulus
The relationship between storage modulus and loss modulus at 1% strain of VGCF/PA66 composites is shown in Figure 6 . This log G' versus log G″ plots are called as "Han plot" or "modified Cole-Cole plot" [33, 46, 48] , which is an analogous Cole-Cole plot used in dielectric spectroscopy. Such plot was used by Han et al. [33] to investigate temperature-induced changes in the microstructure of homopolymers, block copolymers, and polymer blends, and by Potschke et al. [46] to indicate the change of the microstructure in CNT-filled polymer composites such as CNT/PC nanocomposites. It was proposed that the shift and change in the slope of the log G' versus log G″ curves indicate that the microstructure changes significantly with addition of CNT. The curves of various VGCF/PA66 composites in this study show the different behavior related to V f . The neat PA66 and VGCF1 draw the same curves, and G' is smaller than G″, which means the viscoelastic properties are dominated by the viscous properties. On the other hand, G' at a given G″ of VGCF5 and VGCF10 increases significantly with increasing V f . Thus, the slope of G' versus G″ decreases with increasing V f . In addition, the curves of a part of VGCF5 and the whole VGCF10 are located higher than the broken line in Figure 6 , which contributes to a more dominant role for the elastic properties than the viscous ones. Similar behavior has been reported by other carbon nanotube-filled polymer composites such as CNT/PC [46] , CNT/PLA [49] , etc. Also, Potschke et al. [46] and Kitano et al. [44] found a similar response of first normal stress difference versus shear stress for glassfiber-filled polyethylene melts under steady shear conditions. In this study, VGCF clearly present fiber content dependence, confirming the presence of strong interactions between fiber and polymer matrix caused by the nanoscale fiber size such as fiber diameter. Moreover, the decrease of the slope with the increase of fiber content indicates that composites become more heterogeneous due to increasing the interactions between fiber and fiber. It is found from these results that VGCF/PA66 composites change the microstructure according to the fiber content. 
Complex modulus dependences
The influence of complex modulus on the viscoelastic properties of VGCF/PA66 composites is discussed in this section in order to clarify the apparent yield stress and the rheological percolation behavior. A long-scale relaxation time was observed by the curves of G'-ω of VGCF/PA66 in the long-scale time region (in low ω regions) as mentioned earlier. This may be due to the fiber network formation in the composites, indicating the presence of an apparent yield stress in low ω regions. The apparent yield value of |G*| is thought to be a critical value which determines whether material can flow or not. To discuss this apparent yield stress, the complex viscosity |η*| is plotted against complex modulus |G*| in double logarithmic coordinates for VGCF/PA66 composites as shown in Figure 7 . In general, the curves of |η*| versus |G*| show the following behavior: in the case of Newtonian fluids, although |η*| slightly increases with decreasing |G*|, |η*| has a constant value behavior. On the contrary, in non-Newtonian fluids, such as highly filled polymer systems, |η*| does not have the constant value behavior, and |η*| dramatically increases with slightly decreasing |G*|. In particular, the |η*| of high fiber content samples is almost independent of |G*|. This dramatic behavior in which the |G*| of high fiber content samples decreases gradually in high ω regions may be due to the remarkable change in the structure of VGCF in high ω regions. It can be estimated from |η*| versus |G*| curves in the low ω region that there are apparent yield values [25] . In this study, |η*| of neat PA66 and VGCF1 gradually increases with decreasing |G*|, which indicates that there is no apparent yield stress. However, the |η*| of VGCF5 and VGCF10 increases rapidly with a slight decrease in |G*|, which shows that there are the yield values. The yield values |G*| y of VGCF5 and VGCF10 are 30 and 300 kPa, respectively. Thus, |G*| y is strongly dependent on the fiber content. This behavior was reported by other fiberfilled polymer composites and nanocomposites, such as GF/PP [25, 50] , organic fiber/PP [42] , CNT/UPR [51] , etc. In addition, these curves of |η*| versus |G*| of VGCF/PA66 composites sharply increase with V f between 1 and 5 vol%, indicating the presence of the rheological percolation threshold. From these results, the internal structure, changes, and yield stress can be estimated from the curves of |η*| versus |G*|. On the other hand, the internal structure of the composites and their changes can be identified by van Gurp-Palmen plot [52] . This plot is drawing attention recently as another means of representing the internal microstructures and their change. This plot is considered to be a sensitive indicator for the time-temperature superposition, the presence of long chain branch of the polymer, the polymer entanglement, the gelation behavior, rheological percolation of the polymer nanocomposites, etc. [46, [52] [53] [54] [55] . This is due to the emphasis on the change in rheological properties in this δ-|G*| plot, which are particularly difficult to understand in terms of angular frequency dependence (G'-ω, G"-ω, tan δ -ω curves, etc.). Figure 8 shows that the phase angle δ (= arctan G″/G') is plotted against the absolute value of the complex modulus |G*| of VGCF/PA66 composites. The δ-|G*| curves of neat PA66 and VGCF1 show the same tendency, where δ of neat PA66 and VGCF1 is relatively higher than that of other composites although δ decreases gradually with decreasing |G*|. However, δ of VGCF5 and VGCF10 decreases abruptly with a slight decrease in |G*|, and the δ-|G*| curves of VGCF5 and VGCF10 demonstrate minimum peak behaviors. It is usually assumed that the change in rheological properties near the percolation threshold of a filler network embedded in a viscoelastic liquid is equivalent to the so-called "liquid-solid transition" (or gelation behavior) [47] . It is well known that the gelation point is to plot the loss tangent (tan δ) versus the ω. At gelation point, tan δ is frequency independent. On the other hand, the curve of δ-|G*| corresponds to a plateau in low complex modulus in this van Gurp-Palmen plot. Previous researches have suggested the following phenomenon in polymer nanocomposites such as CNT-filled polymer systems [46, 47, 53] : In liquid-like behavior, the δ-|G*| curve approaches 90° at the low complex modulus |G*|, where in solid-like behavior, the δ-|G*| curves ap-proaches 0° at the low complex modulus |G*|. However, in the case of VGCF/PA66 composites in this study, the δ-|G*| curves of neat PA66 and VGCF1 not only demonstrate liquid-like behavior but also solid-like ones at low complex modulus. Furthermore, the δ-|G*| curves of VGCF/PA66 composites demonstrate remarkable solid-like behavior with increasing V f . The |G*| d-min , which is a plateau modulus, is determined by the complex modulus of minimum value of δ in δ-|G*| curves [56] . The influence of volume fraction of VGCF on the |G*| d-min of VGCF/PA66 composites is shown in Figure 9 . As seen in Figure 9 , |G*| d-min of VGCF/PA66 composites increases sharply with increasing V f , and exhibits a straight relations between |G*| d-min and V f on this log-log plot. The slope of |G*| d-min versus V f on log-log plot is found to be 2.61
) from the relation in Figure 9 . Thus, this δ-|G*| plot may be able to serve as an indicator for the rheological percolation. Figure 9 . Influence of volume fraction of fiber on absolute value of complex modulus at minimum phase angle for VGCF/PA66 composites at 1% strain and 280°C.
Temperature dependences
The influence of temperature on the viscoelastic properties of VGCF/PA66 composites is discussed here. The complex viscosity |η*| of VGCF/PA66 composites is plotted against the reciprocal of the absolute temperature 1/T at the angular frequency ω of 100 rad/s and at temperatures 270, 280, and 290°C in Figure 10 . The influence of temperature on |η*| of VGCF/ PA66 composites shows the same tendency although the slope of |η*| versus 1/T plots slightly differ for each V f . Especially, the value of VGCF1 is the smallest in this plot in the whole temperature range. From the slope of |η*| versus 1/T plots, the apparent activation energy E a for flow can be calculated from the following Andrade's equation:
where A is the constant value, R is the gas constant, and η was replaced by |η*| [42, 56] . The apparent activation energy E a of VGCF/PA66 composites is listed in Table 2 . E a is not a constant value for filled systems, but dependent on the volume fraction of fiber [42] . However, it was found that E a of VGCF/PA66 composites have a complex behavior according to V f and E a increases in the following order: VGCF5 < neat PA66 < VGCF10 < VGCF1. It can be said that the fluidity of the materials increases with increasing E a . In short, VGCF1 with the highest value of E a indicate high sensitivity to temperature change. In general, it is well known that the increase of V f decreases the fluidity of the composites due to the formation of the fiber network such as the interaction between fiber and fiber. However, E a in this study shows the different behavior. This may be attributed to the change in these internal structures at high angular frequency of 100 rad/s. Recently, there has been considerable discussion on engineering materials containing of nanosized filler such as CNF, CNT, Clay, etc. filled polymer composites based on the multicomponent polymer systems such as binary and ternary polymer blends [18, 22, 31, 32] , because they can improve various physical properties with sufficient balances between mechanical and tribological properties by controlling the internal structure such as phase structure and filler dispersion. In our previous works, we considered the relationship between the structural and physical properties of filled polymer composites based on the multicomponent polymer systems required for constructing the technology of internal structures control and investigated the rheological, mechanical, and tribological properties of VGCF-filled polymer blends of PBT and TPE [17, 18] , clay-filled polymer blends of PA and TPE [31, 32] , etc. It was found that the rheological, mechanical, and tribological properties are improved by the addition of third components such as TPE, PP, PE, etc. However, the rheological properties of filled polymer composites based on the multicomponent polymer systems, in particular, their relationship between rheological properties and internal structure, are yet to be fully clarified. To further enhance the various physical properties, in these CNF-filled polymer composites based on the multicomponent polymer systems, it is very critical to understand the rheological behavior of these multicomponent composites in the molten state such as processability, internal microstructure, changes, and structure-property relationships. The aim of this study is to report the effects of the addition of TPE on the dynamic viscoelastic properties of VGCF/PA6 composites in the molten state. In particular, this study discusses the effects of the addition of TPE, type of TPE, volume fraction of VGCF, strain, and angular frequency on the dynamic viscoelastic properties in the molten state.
Materials and methods
The materials used in this study were ternary nanocomposites: VGCF-filled polyamide 6 (PA6) composites and the blend of these composites and styrene-ethylene/butylene-styrene copolymer (SEBS), which are called VGCF/PA6/SEBS ternary composites. VGCF (Showa Denko K.K, Japan, d = 150 nm, l = 10 μm) was used as a filler. PA6 (1013B, Ube industries, Ltd., Japan) was used as a matrix polymer. Two types of SEBS: SEBS (standard, Tuftec H1052, Asahi Kasei Chemicals Co., Japan) and SEBS-g-MA (maleic anhydride (MA) grafted SEBS, Tuftec M1943) were used as the blending materials. The content of maleic anhydride (MA) was determined at 10 mg CH 3 ONa/g by the titration method. The ratio of styrene to ethylene/butylene in both block copolymer was 20/80 by wt%. Details such as code, manufacturer, etc. are listed in Table  3 . The composition of PA6 and SEBS (or SEBS-g-MA) was fixed at 80/20 wt%, and three kinds of VGCF volume fraction were selected 0, 1, and 5 vol%. Prior to mixing, VGCF-X, PA6, and SEBS were dried in a vacuum oven at 80°C for 12 h until the moisture level was 0.2%. All the components were dry blended in a small plastic bottle, and subsequently melted and mixed at 85 rpm and 240°C in a twin screw extruder (TEX-30, Japan Steel Works, Ltd., Japan). After mixing, the extruded strands of these ternary composites were cut into 5 mm long pieces by a pelletizer and were dried again at 80°C for 12 h in the vacuum oven. In addition, 1 mm thick sheets were compression molded at the condition of 240°C, 5 MPa, and 3 min, and cut into ϕ25 mm disk shapes for rheological properties measurements. Since the experimental methods such as dynamic viscoelastic properties in the molten state are same as the one in Section 2.2, other than measurement temperature of 240°C and morphology observation method, details are omitted here. To clarify the internal structure of these ternary composites such as the dispersion of SEBS (or SEBS-g-MA) and VGCF in PA6 matrix polymer, the surface of samples fractured cryogenically in liquid nitrogen was observed using scanning electron microscope (SEM, EDX-WET SEM, JSM-6360LA, JEOL Ltd., Japan). The cryogenically fractured surface was etched in toluene for 24 h to remove the dispersed SEBS particles. A quantitative analysis of dispersed SEBS particle size was carried out from several SEM microphotographs using two kinds of image processing software (Adobe Photoshop, Adobe and Image J, NIH). The software used identifies each individual dispersed SEBS particle and evaluates its area A. From these findings, the apparent particle size d was calculated as follows:
Materials
The measured particle size was characterized by evaluating number average diameter d n , weight average diameter d w , and volume average diameter d v from more than 250 particles defined as [32, 57, 58]:
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where n i is the number of dispersed particles having diameter d i . The ratio of d w /d n is an indication of polydispersibility, which is the distribution of dispersed particles.
On the other hand, the fiber length of VGCF and its distribution were measured for samples which had been melted and mixed by an ordinary method: burning off the matrix polymer in a furnace at 550°C for 4 h, wetting fibers in water added with trace surfactant, and spreading them on Al stage (for scanning electron micrographs, SEM). The fiber length distribution of VGCF was observed from SEM. The length of at least 250 fibers was scanned in different regions for evaluating them accurately. A quantitative analysis of the fiber length was made from several micrographs using two kinds of image processing software as mentioned earlier.
The number average fiber length l n and weight average fiber length l w were calculated according to the following equations [19, 23] :
where N i is the number of fibers and l i is the fiber length. The fiber distribution l w /l n was calculated from above equations.
Strain dependences
The strain dependence of the dynamic viscoelastic properties of ternary composites (VGCF/PA6/SEBS) is discussed here. It was measured by strain sweep testing in order to characterize the transition from linear to nonlinear viscoelastic properties of the ternary composites and also to estimate the change in internal microstructure such as the dispersion and localization of VGCF and SEBS, etc. of these ternary composites. Only the storage modulus G' curves are presented in this study since G' is the more sensitive rheological function to the structural changes of the composites than other functions as mentioned in Section 2.3. The strain dependence of storage modulus G' of ternary composites (VGCF/PA6/SEBS) is shown in Figure 11 (a) (VGCF/PA6/SEBS composites) and (b) (VGCF/PA6/SEBS-g-MA composites), respectively. This measurement was carried out for all samples of temperature at 240°C and the angular frequency at 3.5 rad/s. The strain dependences of G' show remarkably different behavior according to the type of material such as V f , with or without SEBS and type of SEBS. G' of neat PA6 exhibits a linear behavior, in which the modulus is a constant over a wide range of strain amplitude γ. The G' of VGCF1/PA66 binary composites has the same tendency as neat PA6, and is slightly higher than that of neat PA6. On the other hand, G' of PA6/SEBS binary blends and VGCF1/PA6/SEBS ternary composites shows the same linear behaviors as neat PA6; however, it is higher than that of VGCF1/PA6 composites. On the contrary, the G' of VGCF5/PA6 composites and VGCF5/PA6/SEBS ternary composites shows the linear plateau only in low strain regions, and rapidly decreases with increasing γ, which are independent transition from linear to nonlinear behavior. The G' of VGCF5/PA6/SEBS ternary composites is higher than that of VGCF5/PA6 composites, and the magnitude of the increase is almost 1 digit (decade) on the log scale. On the other hand, the G' of SEBS-g-MA systems, which are PA6/SEBS-g-MA and VGCF/PA6/SEBS-g-MA, shows a different behavior from the SEBS systems. G' of PA6/SEBS-g-MA shows a linear behavior in wide strain region until several 10%, and is higher than that of PA6/SEBS blends. The G' of VGCF1/PA6/SEBS-g-MA and VGCF5/PA6/SEBS-g-MA has the same tendency as that of PA6/SEBS, and their values, which are the plateau modulus G' p , increase with increasing V f . It was found from these results that G'-γ curves are changed by material composition factors such as the addition of VGCF and SEBS, volume fraction of fiber V f , and type of SEBS, which is SEBS and SEBS-g-MA. In addition, these phenomena are distinguished as the following mechanisms: the addition and volume fraction of VGCF emphasize the nonlinear behavior and increase the plateau modulus. The addition of SEBS increases the magnitude value of the plateau modulus. Especially, the type of SEBS changes the magnitude value of the plateau modulus and the critical strain value, which is the transition point from linear to nonlinear viscoelastic behavior. These may be attributed to the changes in the internal microstructure formation of the composites, which is the dispersion of VGCF and SEBS, interaction between fiber and matrix polymer, localization, size of dispersed SEBS particles and VGCF, agglomerations of VGCF, interaction between fiber and fiber, etc.
To further clarify the transition point from linear to nonlinear behavior, the relationship between critical strain value γ c and volume fraction of fiber V f of VGCF/PA6, VGCF/PA6/ SEBS, and VGCF/PA6/SEBS-g-MA composites at 3.5 rad/s and 280°C is shown in Figure 12 in the semilogarithmic scale. Here, the critical strain value γ c can be calculated from the curves of the relative storage modulus G' r (= G'/G' p ) -strain γ of these composites using the method in Section 2.3. γ c of various VGCF/PA6 composites abruptly decreases with increasing V f and exhibits a straight relations between γ c and V f in the semilogarithmic plot. The slope of the γ c -V f plot gradually increases in the following order: VGCF/PA6 (-9.95) < VGCF/PA6/SEBS (-6.50) < VGCF/PA6/SEBS-g-MA (-3.24). It was found from these results that material composition factors such as the addition of VGCF and SEBS, volume fraction of fiber V f , and type of SEBS, which is SEBS and SEBS-g-MA, have strong influences on the strain dependence of viscoelastic properties. In particular, the strain dependences of ternary composites have the different behavior because of these factors. These behaviors may be considered to be due to the change in the internal structure of the composites as mentioned earlier. 
Angular frequency dependences
The influence of these materials composition factors on the dynamic viscoelastic properties of ternary composites (VGCF/PA6/SEBS) in the molten state is discussed in this section. These properties are strongly dependent on the internal microstructure formation of the polymer composites. We shall discuss the angular frequency dependence, which is the basic variable in these properties. The dynamic viscoelastic properties of these ternary composites are plotted as a function of ω at temperature 240°C and strain 1% in Figure 13(a) (storage modulus G', V f = 1 vol%), (b) (loss modulus G", V f = 1 vol%), (c) (storage modulus G', V f = 5 vol%), and (d) (loss modulus G", V f = 5 vol%), respectively. In Figure 13(a) , the slopes of G' and G″ against ω in the low and high ω regions are listed in Table 4 . The G' of neat PA6 increases with increasing ω, disagreeing with the linear viscoelastic model [41, 42] . The slope of G'-ω in high ω regions of neat PA6 is 1.57. The G' of VGCF1 shows the same tendency as that of neat PA6, and is slightly higher than that of neat PA6. PA6/SEBS blends show the typical G' of the multicomponent systems [31, 32] . The slope of G' against ω, in particular, in low ω regions becomes small with the addition of SEBS, indicating the "second rubbery plateau," i.e., the long scale relaxation time [25, 41, 42] . This may be attributed to the heterogeneous structure such as sea-island structures in PA6/SEBS blends. G' of VGCF1/PA6/SEBS composites is higher than that of PA6/ SEBS blends, which shifts toward high elasticity (solid-like) with the addition of VGCF caused by the changes in the internal structures such as interaction between fibers or agglomerations. Furthermore, the G' of PA6/SEBS-g-MA blends and VGCF1/PA6/SEBS-g-MA composites is much higher than that of PA6/SEBS blends and VGCF1/PA6/SEBS composites, and the slopes of G' against ω of these SEBS-g-MA systems are visible in low ω regions, indicating the formation of small dispersed phase and the new structure in these polymer blends and composites. In Figure 13(b) , loss modulus G″ of these ternary composites shows a slightly different behavior from the G'. The values of G″ of these materials in low ω regions increase in the following orders: PA6 < VGCF/PA6 < PA6/SEBS < VGCF1/PA6/SEBS < PA6/SEBS-g-MA < VGCF1/PA6/SEBS-g-MA composites, although those of these materials in high ω regions have different behaviors: PA6 < PA6/SEBS < VGCF/PA6 < VGCF1/PA6/SEBS < PA6/SEBS-g-MA < VGCF1/PA6/SEBS-g-MA composites. In general, storage and loss moduli in low ω regions are dominated by the internal structure, and those in high ω regions dominated by the polymer matrix. However, the little reverse phenomenon can be explained in the present stage.
On the other hand, in Figure 13 (c) and (d) with VGCF 5 vol% loading systems, the G' of various composites shows remarkably the typical storage and loss moduli of highly filled systems, indicating the "second rubbery plateau." However, another behavior, which is crossover of VGCF5/PA6/SEBS and VGCF5/PA6/SEBS-g-MA composites, is clearly seen at ω = 1-10 rad/s. In particular, in low ω regions, the G' and G″ of VGCF5/PA6/SEBS composites are higher than those of VGCF5/PA6/SEBS-g-MA composites. In short, VGCF5/PA6/SEBS composites demonstrate solid-like behavior. These behaviors may be explained by the changes in the internal structure caused by the dispersed phases, the interaction between fiber and polymer matrix, the interaction between fibers, agglomerations, etc. Therefore, it is necessary to understand these behaviors to observe the morphology of ternary composites (VGCF/PA6/SEBS). From the results of the angular frequency dependences of storage and loss moduli of ternary composites mentioned above, these dependences show different behaviors according to the addition of VGCF and SEBS, type of SEBS, and volume fraction of fiber. The addition of SEBS was changed by the tendency of G' and G″ -ω curves, which shows remarkably the "second rubbery plateau" in low ω regions. In particular, these dependences appear to be conspicuously high for the composites with SEBS-g-MA, except for only VGCF5/PA6/SEBS composites in low ω regions. On the other hand, the addition of VGCF and volume fraction of fiber slightly enhanced these dependences. Table 4 . Slope of viscoelastic properties as function of angular frequency curves of ternary composites (VGCF/PA6/ SEBS) in low and high frequencies.
Influence of volume fraction and type of SEBS
The influence of volume fraction of fiber and type of SEBS on the rheological properties of ternary composites (VGCF/PA6/SEBS) is discussed in this section. The relative storage modulus G' r is plotted against the volume fraction of fiber V f in Figure 14 against V f in low ω regions (Figure 14(a) , ω = 0.25 rad/s) are larger than those in high ω regions (Figure 14(b) , ω = 25 rad/s). It should be noted that G' r of VGCF5/PA6/SEBS composites is higher than that of VGCF5/PA6/SEBS ones. In general, storage modulus in low ω regions is dominated by the internal structure as mentioned earlier. Thus, it is necessary for understanding this behavior to observe the internal structure of these ternary composites, and the morphologies of these composites will be discussed in the next section.
Morphology
To further clarify the relationship between the dynamic viscoelastic properties and internal structure of ternary composites (VGCF/PA6/SEBS), we discuss the morphologies of these composites, which are the internal structure such as fiber network formation and dispersed SEBS particles. We observed the cryogenically fractured surfaces of various ternary composites, which were etched by toluene in order to remove the dispersed SEBS particles using a scanning electron microscope. Figure 15 shows the SEM photographs of the etched fracture surfaces of PA6/SEBS blends (Figure 15(a) ), VGCF1/PA6/SEBS composites ( Figure  15(b) ), VGCF5/PA6/SEBS composites (Figure 15(c) ), PA6/SEBS-g-MA blends (Figure 15(d) ), VGCF1/PA6/SEBS-g-MA composites (Figure 15(e) ), and VGCF5/PA6/SEBS-g-MA composites (Figure 15(f) ), respectively. Here, Figure 15 This means that the size of dispersed SEBS particles decreases with the SEBS with functional groups of maleic anhydride (MA), and these SEBS particles decrease with increasing V f . These morphological changes are the consequence of graft reaction between the PA6 matrix and MA in SEBS, which separates spherical particles in continuous matrix domains. MA groups are expected to induce strong interaction and reaction due to high reactive functional groups such as amine and carboxyl end groups and acid amide in the main chain of PA [32] . These observations indicate that dynamic viscoelastic properties shown earlier correlate closely with the size of dispersed SEBS particles. On the other hand, we have to consider the presence of VGCF, which may complicate these behaviors. Each ternary composite shows good dispersion of VGCF, and the location of VGCF is in PA6 continuous matrix domains. For comparison, it was not observed by VGCF in toluene solution for etching in order to remove the SEBS particles. The number average fiber length l n , weight average fiber length l w , fiber distribution l w /l n , and number average aspect ratio (a r ) N are listed in Table 6 . The number average aspect ratio (a r ) N is defined as l n /d, where d is the average fiber diameter of VGCF (d = ϕ150 nm). The fiber lengths values of l n , l w , and (a r ) N of VGCF/PA6 and VGCF/PA6/SEBS-g-MA decrease with increasing V f , although those of VGCF/PA6/SEBS increase with V f . Fiber distribution l w /l n has complex behavior; however, VGCF/PA6/SEBS-g-MA has the highest values in this study. What should be noted is that the fiber length value of VGCF5/PA6/SEBS is much longer than those of other composites except for VGCF1/PA6 composites. These results coincide with the dynamic viscoelastic values earlier, that is, the storage modulus of VGCF5/PA6/SEBS is crossover with that of VGCF5/PA6/SEBS in low ω regions. This may be attributed to the change in internal structure by the interactions of fiberfiber and fiber-matrix, and agglomerations caused by the increase in fiber length values. Therefore, the internal structure of ternary composites was found to correlate closely with the dynamic viscoelastic properties of ones. In general, it is well known that the fiber length and the aspect ratio of these compounds in the twin screw extruder depend on concentration, characteristics of these compounds, and the addition of third component, which suggests fiber degradation may be due to the interactions between fiber and matrix, and between fibers. However, it is difficult in the present stage to understand the exactly reason why the fiber length of VGCF5/PA6/SEBS are longer than those of other composites in this study. Table 6 . Fiber length, its distribution, and aspect ratio of ternary composites (VGCF/PA6/SEBS).
Furthermore, to clarify the relationships between the morphologies of ternary composites and the dynamic viscoelastic properties of ones, it is necessary to investigate the effect of morphologies of ternary composites on the dynamic viscoelastic properties in detail. G' is replotted as a function of average weight fiber length of VGCF l w in Figure 16 (a), and average weight diameter of dispersed SEBS particles d w in Figure 16(b) , respectively. The fiber length l w dependence of G' has a complex behavior. It is fundamentally influenced by the volume fraction of fiber and the addition of SEBS rather than the fiber length. In VGCF/PA6/SEBS systems, the longer the fiber length is, the more the increase in G'. On the other hand, the size of diameter of dispersed SEBS particles d w dependence is not clearly recognized, and G' is strongly influenced by the type of SEBS and the volume fraction of VGCF. 
Effect of processing sequence on the dynamic viscoelastic properties of ternary composites (VGCF/PA6/SEBS-g-MA) in molten state
Introduction
We discussed the dynamic viscoelastic properties of ternary composites (VGCF/PA6/SEBS) in the molten state in the previous section and concluded that the effect of the addition of TPE on the dynamic viscoelastic properties of VGCF/PA6 composites in the molten state differs according to the viscoelastic value. It was clarified that the dynamic viscoelastic properties of VGCF/PA6/SEBS-g-MA ternary composites are higher than those of VGCF/PA6/SEBS ones. This may be attributed to the change in the internal structure caused by addition of TPE. Thus, it is important to further investigate the relationship between rheological properties and internal structure of these ternary composites. It is well known that the morphologies of these ternary composites are influenced by the processing sequences [34, 35] . Several investigations have been conducted on the effect of processing sequences at melt mixing by twin extruder on the relationship between the morphology and the physical properties of ternary composites such as PA/Clay/SEBS [35, 59] , VGCF/PBT/TPE [60] , VGCF/PA6/SEBS [22] , etc. However, there is not enough information on reliable relations between the internal structure and rheological properties of these ternary composites. The purpose of this study is to report the effect of processing sequences on the dynamic viscoelastic properties of VGCF-filled polymer blends of PA6 and SEBS-g-MA (VGCF/PA6/SEBS-g-MA ternary composites).
Materials and methods
The materials used in this study were ternary composites (VGCF/PA6/SEBS-g-MA). Since the materials, composition, processing, and experimental methods are the same as in Section 3.2 other than the processing sequence using the twin extruder, they are omitted here. The composition of PA6 and SEBS-g-MA was fixed as 80/20 by weight fraction, and three kinds of VGCF volume fraction were selected as 0, 1, and 5 vol%. All the components were dried for 12 h at 80°C in a vacuum oven beforehand until the moisture level was below 0.2%. Four different processing sequences were carried out: (1) VGCF, PA6 and SEBS-g-MA were mixed simultaneously (process A), (2) VGCF was mixed with PA6 (VGCF/PA6 composites) and then these composites were blended with SEBS-g-MA (process B), (3) SEBS-g-MA was blended with PA6 (PA6/SEBS-g-MA blends) and then these blends were mixed with VGCF (process C), and (4) VGCF were mixed with SEBS-G-MA (VGCF/SEBS-g-MA composites) and blended with PA6 (process D) and then attempted to prepare the ternary composites (VGCF/PA6/SEBS-g-MA). Figure 17 shows the schematic diagram of four different processing sequences for ternary composites (VGCF/PA6/SEBS-g-MA). The melt of these materials was mixed at 85 rpm and 240°C in a twin screw extruder (TEX-30, Japan Steel Works, Ltd.). After mixing, the extruded strands of these ternary composites were cut in piece of about 5 mm long by a pelletizer and were dried again at 80°C for 12 h in the vacuum oven. In addition, 1 mm thick sheets were compression molded at the condition of 240°C, 5 MPa, and 3 min, and cut into ϕ25 mm disk shapes for rheological properties measurements.
Angular frequency dependences
The effect of processing sequences on the dynamic viscoelastic properties of ternary composites (VGCF/PA6/SEBS-g-MA) is discussed here. The dynamic viscoelastic properties of these ternary composites with 5 vol% VGCF prepared by various processing sequences are plotted as a function of angular frequency ω in Figure 18 (a) (storage modulus G') and (b) (loss modulus G″), respectively. Each storage and loss moduli increase with increasing ω; however, the magnitude value of G' and G″, in particular, in low ω regions, changes according to the processing sequences in the following orders: Process A > Process C > Process B = Process D. The decreases of G' and G″ are closely related to the number of mixing of VGCF, and the twice mixing methods of VGCF which remix VGCF such as processes B and C are more effective than unimixing methods such as processes A and C. These may be attributed to the change in the internal structure of these ternary composites by different processing sequences. Another important point is the difference in the order of decrease in G' according to the angular frequency region. In short, the G'-ω curve of process B is crossover to that of processes C and D. This is suggested by the change in the internal structure according to ω. To clarify the effect of processing sequences on G' of these ternary composites, the relative storage modulus G' r in low ω regions (ω = 0.25 rad/s) is shown in Figure 19 (a) (V f = 1 vol%) and (b) (V f = 5 vol%), respectively. Here, this relative value is given by the value of various ternary composites prepared by different processing sequences divided by that of process A. G' r change according These tendencies may be attributed to the change in the internal structure by the number of mixing as mentioned earlier. However, it is not clearly explained by the order of decrease G' r changing according to V f . Therefore, it is necessary to observe the internal structure for better understanding the relationships between processing sequences and dynamic viscoelastic properties of these ternary composites. This will be discussed in the next sections. 
Morphology
Furthermore, to clarify the relationships between processing sequences and rheological properties of ternary composites (VGCF/PA6/SEBS-g-MA), we observed the internal structure, which is the dispersibility of SEBS particles and VGCF in these ternary composites. Figure  20 shows the SEM photographs of cryogenically fractured surfaces, which were etched by toluene in order to remove the dispersed SEBS-g-MA particles, of various ternary composites prepared by different processing sequences at the same magnification rate of 20,000. Each ternary composite indicates the good dispersion of VGCF and dispersed SEBS-g-MA particles. In addition, it was not observed for VGCF in toluene solution for etching in order to remove the SEBS particles. Thus, there are VGCFs only in PA6 matrix domains, and are not presented in the dispersed SEBS particle domain. In particular, in the case of process D, VGCF should be present in the SEBS domain; nevertheless, VGCF was mixed with SEBS. However, VGCF was not found in the SEBS domain after mixing the second time in process D. Thus, VGCF is transferred from SEBS domain to the PA6 continuous matrix domain in process D, i.e., the localization of VGCF is changed. The reason for changing the localization of VGCF in process D can be explained by the following mechanisms: VGCF is selected by the PA6 domain, because the viscosity of PA6 is lower than that of SEBS-g-MA at the mixing temperature of 240°C. This is due to the stronger interactions of fiber-matrix polymer, which is wettability and chemical affinity, between VGCF and PA6 than those of VGCF and SEBS-g-MA. In addition, these detail mechanisms, which are filler migration inside a molten heterogeneous medium, were suggested by Fenouillot et al., Elias et al., and Baudouin et al. [61] [62] [63] . On the other hand, the dispersed SEBS-g-MA particles demonstrate good dispersion in the PA6 continuous matrix domains. Table 7 summarizes the various data of the dispersed SEBSg-MA particles in each ternary composites prepared by different processing sequences, which are calculated by image processing from SEM photographs such as number average diameter d n , the weight average diameter d w , the volume average diameter d v , and polydispersibity d w /d n . The sizes of dispersed SEBS-g-MA particles change with the processing sequences and V f , and these decrease fundamentally in the following orders: Process A > Process B > Process C > Process D. Thus, the size of dispersed SEBS particles values is closely related to the number of mixed SEBS-g-MA, and double mixing methods of SEBS-g-MA, which are the remixing of SEBS-g-MA such as processes C and D, are more effective than unimixing methods such as processes A and B. These behaviors may be attributed to the change in the mixing time, the physical interaction between PA6 and SEBS-g-MA, which is called as compatibilization effect, and also the dispersion and localization of VGCF; however, it is difficult to establish the exact reasons. Next, the number average fiber length l n , weight average fiber length l w , fiber distribution l w /l n , and number average aspect ratio (a r ) N are listed in Table 8 . The number average aspect ratio (a r ) N is defined as l n /d, where d is the average fiber diameter of VGCF (d = ϕ150 nm). The fiber length values of l n , l w , and (a r ) N generally decrease with increasing V f except for process C, and the effect of processing sequences on the fiber length values decreases in the following orders: Process C > Process A > Process B > Process D. These behaviors may be attributed to the number of VGCFs mixed as mentioned earlier. In the case of process D, which is the first mixing step where VGCF was mixed with higher viscosity SEBS rather than PA6, enhances the damage of fiber in melt mixing. To further clarify whether relationships between morphologies of ternary composites prepared by different processing sequences and dynamic viscoelastic properties of ones vary or not in this study, it is necessary to investigate the influences of the morphology of ternary composites on the dynamic viscoelastic properties in detail. G' is replotted as a function of average weight fiber length l w in Figure 21 (a) and the average weight diameter d w in Figure  21(b) . In the figure, the number after each processing sequence code shows the volume fraction of VGCF in the composites. Generally, the fiber length dependence of G' slightly increases with l w , and the influence of l n on G' is smaller than that of V f . These tendencies are related to the processing sequence of remixing of VGCF (processes B and D). On the contrary, the diameter size dependence of G' increases with decreasing d w . However, this relation is weaker than the processing sequence of remixing of SEBS-g-MA (processes C and D). It was found from these results that the dynamic viscoelastic properties of ternary composites prepared by different processes are closely related to their morphologies. In particular, processes B and D, which are the remixing methods of VGCF, have good dispersibility of VGCF which improves dynamic viscoelastic properties. However, the dynamic viscoelastic properties are not simply correlated with the fiber length of VGCF and diameter size of dispersed SEBS-g-MA particles. Therefore, further studies of how the relationships among dynamic viscoelastic properties, processing sequences, and morphologies of these ternary composites are determined should be conducted. The findings would not only contribute to the research of these ternary composites but also to other high performance polymer matrix composites. 
Conclusion
We investigated the dynamic viscoelastic properties of carbon nanofiber (CNF)-filled polyamide composites and the blend of these composites and thermoplastic elastomer (TPE) in the molten state. In particular, this study discussed the effect of the addition of vapor grown carbon fiber (VGCF), which is a type of CNF, addition of TPE, and processing sequence on the dynamic viscoelastic properties in the molten state. It was found that VGCF has a stronger influence on the dynamic viscoelastic properties of the composites in the molten state. VGCF also has a high sensitive effect on the strain of transition from linear to nonlinear viscoelastic behavior, and the critical strain values at the transition decrease logarithmically with increasing VGCF contents. Composites with lower VGCF content (1 vol%) showed lower dynamic viscoelastic properties (both storage and loss moduli) than those of pure PA66. However, the viscoelastic properties of composites with higher contents above 5 vol% increased rapidly with increasing VGCF content. From the results of various rheological behaviors, rheological percolation thresholds seem to exist between 1 and 5 vol% of VGCF contents. On the other hand, the effect of the addition of TPE on the dynamic viscoelastic properties of VGCF/PA6 composites in the molten state differed according to each viscoelastic value. It was clarified that the dynamic viscoelastic properties of VGCF/PA6/SEBS-g-MA ternary composites are higher than those of VGCF/PA6/SEBS ones. Furthermore, the influence of processing sequences on the dynamic viscoelastic properties of VGCF/PA6/SEBS-g-MA composites in the molten state differed according to mixing steps by materials. In particular, the viscoelastic properties of these ternary composites prepared by different processing sequences in the low angular frequency region changed with the processing sequences, which decrease in the following order: Process A > Process C > Process B > Process D. In particular, processes B and D are remixing methods of VGCF where VGCF is mixed twice, and are therefore more effective than unimixing methods such as processes A and C, and have good VGCF dispersibility which improves dynamic viscoelastic properties. These may be attributed to the change in the internal structure due to the addition of TPE, type of SEBS, and processing sequences.
